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ABSTRACT 


(me eritects of welding and analytical procedures for predicting 
welding effects are discussed. The results of previous investigations of 
flame heating are analyzed. A flat plate was ehosen as a model for this 
investigation so that the analytical techniques, developed for welding, 
eouid be applied to the flame heating. Line flame heating is employed 
ePevse «his closcly. resembles bead-on-plate welding. Three steels: 

AIST 1020, ASTM A-242, and ASTM A-5]4 were chosen as materiels.e Heating 
Was cee Toran with and withowt water cooling and continuous readings of 
Strain and temperature were taken at selected positions. 


The results of testing are presented in the form of temperature and 
Seer plotted against time. Plots of cxperimental and analytical 
Wemperaviires and strain are presented for comparison. It was found that 
terme neating with water cooling is more effeetive than without cooling, 
Saeeine direction of the bending is controlied by the cooling. When 
Meee cooling is not employed, the flame heating is most eifecetive on the 
feces tec|!, However, the direction of hending depends on the initial 
Peete Condition and is not controlled by the heating. 


Eeimaricon of the analytical predictions of temperatures end longi-= 
tudinal strains with experimental data shows good correlation. However, 
Meereverse Strains are large for the flame heating so a one dimensional 
Peeves, assuming transverse stresses are negligible, is not satisiactory 
for tiame heating. Welding vrograms, as they are developed, can he 
modified ror flame heating. A full three dimensional analysis is needed 
to optinize Plame heating. 


It is reeommended that further investigation of flame heating be 
delayed until a three dimensional analysis is developed. There is enough 


information available now on flame heating to rake applications of this 
bending or straightening process more cffective 


Miesisc supervisor: Prof. #oeiehi. Masubuehi 
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I. INTRODUCTION 


A. Background of Problem 

in the shipbuilding industry, the fabrication process widely used is 
welding. This process is used for economic as well as structural reasons. 
However, in the application of this welding process undesired effects such 
as reSidual stresses and distortion, which may cause structural weakness, 
pie anduccd. 

In the past, the primary emphasis in research has been on how to 
Meese excessive residual stresses and distortion. Until recently the 
means by which this was accomplished has been more an art than a science. 
Observation of what occurred during particular welding processes lead to 
the development of design standards to allow tolerance for shrinkage and 
welding procedures to help minimize the residual stresses and distortion. 

At present there is much effort being devoted to the development of 
aiemyeical techniques for predicting the residual stresses and distortion 


(1,2). 


waetewitl occur for any given welding situation The program that 
has been devcloped at M.I.T. is a one dimensional analysis, Appendix B, 
and determines the strains induced by non-uniform heating during welding. 
Some experimental data has been obtained and correlated with this progran 
and at present further experimental work is being carried on. Other 
investigations exclusively on the heating effects of welding and predicticn 
of temperatures in metal plates have been sorfomed ot 

been it the best controls of the welding process are in eifect, dis- 
tortion will occur in a percentage of the welds made on a structure. The 


amount of distortion that occurs may be beyond acceptable limits and. when 


this occurs it must be removed. There are twany methcds available for 


SQ 
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removing the distortion but the primary method used in shipyards for 
ordinary carbon steels is flame heating. Flame heating is used because 
it is both an economical and easy method to employ as compared to all 
other available methods. 

AS practiced in the shipyards today, the flame heating technique for 
removing distortion is an art. Usually the senior welder determines where 
a distorted plate Siren be heated to remove the distortions, If the tise 
application of heat fails, a second guess is made and heat again applied 
and so on ERE the distortion is venewea or reduced to acceptable 
standards. One technigve is spot heating an entire panel as shown in 
Figure (1). This method insures that the distortion is removed but is 
pEepabily an excessive use of flame heating. 

The cost of removing distortion can be very high as experienced by 
one shipyard where the cost of the distortion removal. was half the total 
Heleine cost. in this instance, the welders utilized the method show in 
Figure (1) for much of the distortion removal on 3/8 inch steel plates 
used for bulkheads. 

Other heating techniques used to remove distortion are: 

(1) Line heating of the panel. In this procedure, the area to 
be straightened is heated to approximately 1200°F along narrow Jines 
which may be water quenched after the heating. 

(2) Line heating of the backs of the fillet welds. This pro- 
cedure is similar to (1) except the flame is applied to the back of 
the weld. 

(3) Line heating approximately three to four inches from the 
fillet weld along a single line. This method was developed in the 


German shipyards. 
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Figure 1: Example of spot flame heating as actually used 
in shipyard. 
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c. Dine Heating Parallel io Yerd 


Figure (2) 
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Tnese methods are shown in Figure (2). 

Richard Hout >? , an autnority on flame healing in this country, states 
that the three basic factors which influence fleme bending are: 

(1) The thernal expansion of the material with rise in temperature. 

(2) The variation of the yield strength of the material with rise 
Mieecenveracturc . 

(3) The behavior of the modules of elasticity at ellevated 
temperatures. 
These are the same factors which influence the stresses induced by welding. 
Thus, if a satisfactory model for line heating with an acetylene torch can 
be found to determine the temperature changes in the material, the methods 
developed for analyzing the welding situation should work for flame heating. 
A discussion of the model used for the heat source in the welding analysis 
and selection of a model for the flame heating is contained in Appendix A. 
Appendix Bis a survey of the methods used in analyzing thermal stresses 
age welding. 
Eom crevi0us Investirzations 

fesearch for pertinent literature revealed that very datile has) been 
Pebiacnca on cither experimental or gnalytical studies of Flame heating oF 
Steel whether for bending or straightening. Two recent investigations have 
beon carried ovt at M.J.T. and a third at Battelle Memorial Institute. 

Richard vaish ©) performed a serics of investigations to study defor- 
mation changes resulting from flame straightening techniques on welded 
plates and structures made of mild steel and HY-80 steel. The models 
constructed represented structures found in shipbuilding. Spot heating 
and water quenching were employed in removing distortion from the welded 


models. 
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The econelusions reached in this investigation were: 


(1) Flane straigntening procedures are two to three times more 


effective on mild steel than HY~80 steel. 


(2) Varying the position of flame straightening techniques trom 


plate mid-span to fillet weld area produces no significant differences 


2 


om reaucine distortion. 


Essentially, Walsh found that flame heating does reduce distortion and 


determined some’ relative values of distortion reduction for the model. types 


used. There is no indication that the heating technique uscd eould be 


applied to a full seale structure with the same results. Walsh further 


indicates that there may be a band of material strength where flame 


straightening is most effective. 


David bury 6?) eontinued the work started by Walsh. He chose as 


Pie lsS: mild steel, U.5. Steel Corten, and U.o. Steel T-1. He con— 


Sveaeved. a model for cach of the three types of metal 


(Figusce (3 )e 


Distortion was induced in the panels during the welding of the models. 


fifese panels were then flame heated using the line heating teennique. 


Three separate line heats were performed on each pane] with distortion 


measurements taken after each heating. 


Duffy concluded that: 


(].) When using flame straightening techniques on panel structures, 


it is necessary to use a water quench to achieve removal of distortion. 


(2) There is no definite corridor of steel with yield strengths 


where the use of fleme straightening is more effective than in others. 


: 8 : ‘ 
Battelle Menoriz) Tet ee ) conducted experinents to determine the 
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my 


effects of flame heating and mechanical straighten. 
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fics. Figure (/t) from the Battelle report shows that 
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Figure 4: Illustration of the effects of plate thickness 
on the rclative seriousness of distortion 
problems and material problems 
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3/8 inch plate thickness, buckling type distortion does not occur. This 
figure also demonstrates that as plate thickness decreases the distortion 
problem increases. The major effects observed in the flame straightening 
were: 

(1) Distortion in welded and unwelded plates was generally 
removed with equal facility. 

(2) 3/8 inch thick A517, Grade A plate was more difficult to 
straighten than 1/2 and 3/4 inch thick A517 plate. 

(3) In general A517, Grade A plate was easiest to flame 
straighten and AB5~B plate (mild steel) was the most difficult. 

(4) Attempts to straighten by spot heating were unsuccessful. 

The major cause was attributed to the fact that the plates were 
restrained on only ae edge. 

Conclusion number 3 is exactly the opposite of that observed by Walsh. 
Duffy did on find flame heating more effective on any material. 

The above investigations show that flame heating does remove distortion 
and gives some measure of what results might be expected if the procedures 
in the investigations are used. There was no optimization of the heating 
procedure to most effectively remove jigs meaa ndn arene elafameatarsiodlischera ae 
these investigations no nee eee of the best method of heating can be 
made. In fact, Duffy points out that not only is opvtimization of heating 
procedures much needed but an analytical investigation of flame heating is 
mandatory for this optimization to limit the cost of experimental data. 

C. Purvose of Study 
The purpose of this study was: 
(1) To experimentally observe the effects of line flame heating 


on steel plate. This will be done ty continuously measuring temperatures 


ie 


and strains induced in the steel plates when flame heating is applied. 
A better understanding of the flame heating process and how to use this 
piocess for bending or straightening are expected resuilts. Also, the 
question of how material strength affects the effectiveness of this 
process may be resolved. 

(2) Compare the experimental data to the M.I.T. developed one 
dimensional analysis for welding, modified for flame heating. This 
Wadi determine if programs developed for welding can be used to 
analyze flame heating. 

(3) If the two dimensional analysis of Heldaneepresent ly Being 
developed at M.I.T. is available, the data will also be compared with 
os Beam: 1or this program is not al the stage where it can be 
used, a search for any other existing programs that may be used for 
analysis of the flame heating will be made and the programs utilized 
if available. 

Meee tection of Parameters 

Material selection was made with the work performed by both Walsh and 
Duffy in mind. In order that a continuity be maintained in these studies 
and because of the availability of materials, the three metals used by 
Duffy; low carbon steel AIST 1020 (mild steel), low alloy high strength 
steel ASTM A-242 (U.S. Corten), and quenched and tempered steel ASTH A-514 
(U.S. Steel T-1), were also used in this investigation. 

The choice of system model was dictated by the decision to compare tne 
@eeecimental and analytical results. The analysis of welding is developed 
for iniinite unconstrained flat plates. Accordingly, the unconstrained 
flat plate is used for this investigation. It is reccgnized that this model 


mmerot found in production except in the case where flame heating might be 
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used as a bending technique. However, it is expeeted that the welding 
program will evolve to the analysis of more eomplieated structures and if > 
it can be shown that the simple analysis presently available is applieable 
for flame heating, the analysis of flame heating can be earried forward 
with the welding analysis. 

The choice BE plate thiekness was made with Figure (4+) and existing 
production problems in mind. In produetion mueh of the distortion that 
must be Proves occurs in internal bulkheads. The thickness of placing 
used for these bulkheads ranges from 1/4 inch to 1/2 inch and up. The 
Battelle report indicated that for material thiekness of 1/2 inch and 
greater the distortion problem was not great and, also, that in the thiek- 
fees range of, 1/4 wich Oc less OUCKIINE Ly pe CUSUOrtIen OCCUMS.: Lilie pua 
thiekness of 3/8 ineh was chosen because in aetual use this will give major 
distortion problems and yet will not enter the buekling domain. 

Material compositions and physieal properties are given in Appendix C. 

The method of heating used in this study was line heating which is 
Similar to a bead-on-plate weld. The torch tip and speed of heating were 
ehosen to give a 1500°F maximum temperature, and a width of heating zone 
approximately the same as that seen in previous use of this heating 
teehnique. 

Miesrcsulis irom the melcine analysis and the experimental results, so 
far obtained, show that the longitudinal strain (in the direcbion of the 
weld bead) is mieh higher than the transverse strain (perpendieular to the 
weld bead) and that the shear strain is very small. eecause of wns. sane 
fro due to the eost of installing gases, transverse and longitudinal 
Strains are the only ones measured in this investigation. | 


In order that the aceuracy of temperatures predieted by assuming a 





source of constant strength with thickness can be determined and to observe 
the bending strains induced by the flame heating, measurements of tempera~ 

ture and strain on both the upper and lower surface of the plate are made. 

BE. Measuring Strain and Temperature 

To analyze what 1s taking place during the flame heating proeesa day 
moenecessary to neasure the temperature and stress that is induced by the 
heating. Stress cannot be measured directly, therefore, some type of 
ean Measurement is necessary. Since the flame heating technique used 
is a Pet inuous line heating with the flame moving at a constant speed 
across the matcrial, continuous readings of strain and temperature are 
desired. 

ine measurement of temperature at points on the plate is casily 
accomplished. A thermocouple can be placed at the point of interest and 
Beemcvemperature determined directly from this gage. In this investipation, 
BLH type GTH~CA (Chrome1/Alumel ) thermocouples were an integral part of the 
Strain gages used. 

The measurenent of strain is more difficult. Dve to the temperatures 
that will be incurred during heating, it is necessary to select a high 
temperature strain gage so that the probability of gage failure will be 
minimized. The gages available for temperatures above 50078 are BIH type 


212-58 and 1212-5A. The A designates that the strain gage has a thormo- 


, element included. 


r 
= 
) 


sensin 

An uncompensated potentiometric circuit was used in measuring strain. 
Since temperature compensation was not possible, the strains measured may 
have varied non-lincarly as the gage temperature moved far from the 


Temperature at which the gage factor for this particular gage was 


Getermined. This non-linear deviation can affect the accuracy of the 


VAe 








Strain measurement. 
The strain measured consists of several components. These component 


| (9). 


Strains are normally superimposed to give a total measured strain 


6°="C at Cmen OA ee An AL 
mi p 


This equation shows that the total strain is composed of mechanical 
fetastic) strain, plastic strain, thermal] expansion, and component due to 
the change in résistance of the strain gage with change in temperature. 
The last two terms can be combined and referred to as apparent strain. A 
plot of apparent strain versus temperature for the type 1212-54 strain 
gage mounted on mild steel is shown in Figure (5). This figure clearly 
sore ic very Jarge apparent Strain that occuxs with this type Oo: sage: 
meer these conditions it is doubtful that the superposition of the 
Seeeercnt components of strain is exactly correct. However, lacking any 
better method of handling this problem the superposition will be used but 
Some error will probably be induced. 

This large value of apparent strain also introduces another problem 
in measuring the strain. The visicorder used will allow approximately 
five inches for the measurement of strain from zero to the maximum value. 
At the maximum safe temperature of 700°% for which the 12\2=-95h page can ce 
used, an apparent strain of approximately 27,000 micro-inch per inch will. 
Semencountered. In calibrating the recording equipment, 15,000 micro~inch 
Mmeaeancn was Set equal to five inches of displacement. The scale could be 
halved to 30,000 micro-inch per five inches if larger values were 
encountered. With this large a scale, any error when reading displacement 


of the recording from the zero value can induce considerable error in the 


value of the strain determined. 
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In the reduction of the experimental data, the recorded reading was 
@oerrected by subtracting the apparent Strain to sive experiiienval strain 
Merch consists of both plastic and clastic Strains. or the above uro7son., 
mae values determined cannot be whacliaed as absolve measureceOus tic 
Perain encountered, but their relative magnitudes and trends can be used 


moeaetermining what occurs during the heating process. 





II. PROCEDURES | 


Pmeecope of the Research 

A series of investigations were made of the Strain and temperature 
Biaeees that occur 1: mild steel, Corten, and T=] steel plates as a realty 
Oo: linc flame heating on the surface of the plates. Flat unconstrained 
plates were used as models so that the results could be compared with 
predicted values. The Neacvange value Uscewin the tf lameghcatin= was selleercd 
memerpree With the data available for use in predicting the thermal strains 
aS stated in Appendix A. The speed of heating was selected to give a 
maximum temperature of 1500°F an the Sec) plaves, =) lhmee nears foe 
pertormed on each plate. The first heat was used for comparison with the 
predicted values of strain and eects The other two heats were used 
Wemercerve the ejfect of water quenching and as a check on the first mun. 
The second heat can also be used to see if superposition of strains from 
heats Seceumrinre at dingerent llocarions 1s possibile. 
Pee Description of Specimens 

For this study 3/8 inch thick plates, one each of AISI 1020 (mild 
steel), U.S. Steel Corten, and U.S. Steel T-1 were used. The plate size 
of 36 inch by 27 inch was chosen for all specimens. The 36 inch length 
vas chosen to give a distance sufficient for the heating to reach a quasi~ 
stationary state before readings of temperature and strain were taken. 
ieee / inch width was chosen to allow three passes of tilame heating to be 
made and minimize the effects from one pass to the next. 

The plates were instrumented by BLH Electronics, Incorporated; 
42 Fourth Avenue; Walthan, Massachusetts as indicated in Figure (2-1). 


The pass lines indicated on the figure are representative of the three 
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Diagram of instrumentation 


Figure 2-1; 
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Jine heats performed on the mild steel plate. Capes were placed on the 
tops and bottoms of the plates, the bottom pages being mirror images of 
the top gages. The longitudinal gages (X direction) are BLH type 1212-5A 
strain gages with BLH type GTM-CA (Giese Ome) thermocouples included. 
The transverse gages (Y direction) are BLH type 1212-5B strain gages. 
These gages were altached to the plates by the BLH Rokide Process. This 
process uses a ceramic cement which is applied by flame spraying. The 
maximum operating temperature for this type cement is 1500°F. pLnee this 
process has @ poor humidity resistance, a moisture proofing was applied 
after the strain gages were installed. 
C. Heating Procedures 

A torch was mounted on the automatic welding machine in M.I.T. 
Materials Joining laboratory as shown in Figure (2-2). The automatic 
welding machine was used to give a constant speed during heating. The 
rig used for mounting the torch also allowed precise adjustment of the 
Pemtaeal position of the torch so that the distanes between the torch tip 
and surface of the plate could be maintained at the proper value for most. 
effective heating. This height adjustment was essential for the second 
Picmuierd passes on a plate Since distortion induced during the first pass 
was present in the latter passes. The height adjustment was manually 
performed and the height maintained such that the inner core of the flame 
was aS close to the plate surface as possible without impinging on the 
Surface. An oxygen-accetylene torch was utilized. The nameplate data on 
the torch and tip is: Oxweld Torch, Type W-17, Tip Size #10. 

The steel plate wes rested on fire bricks to minimize the heat 
conduction away from the plate due to this contact. The Lire bricks 


Supvorted the entire bottom surface except in the area of the bottom 
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strain gages as shown in Pigure (2-2) in order to minimize any bending 
purects due to the plate not belie Unbilomn yy souppeieed. 

° Heating started at the leading edrc of the plaveeide proceed ara 
Sensiant speed down the length of the plates “Plestich rel rac vor wa 
placed around the strain gages on the heated surfaee to protect the gages 
from the flame wash of the toreh. This technique proved very suceessful 
pemmo garcs were lost due to the heating. 

Oxygen and aeetylene pressures were adjusted at the tanks by two 
Stage regulators, The amount of acetylene consumed was measured by a flow 
meter in the acetylenc line just downstream from the acetylenc regulator. 
Brayecn and acetylene pressures were adjusted to pive the desired acetylene 
flow rate and the proper flame length. 

D. hxperimental Procedures 

During the flame heating the temperature and strains observed at the 
eercrent, fage positions were recorded. ‘The recorded data was presented 
as tape outputs from the Honeywell Visicorder. The cireuitry used Sor the 
thermocouple circuits and the strain gage eircuits along with the cali- 
bration data are shown in Figures (2-3), (2-4), and (2-5). 

The Honeywell Visicorder is limited to twelve channels so that input 
from eight strain gages and four thermocouples was all that could be 
recorded for each pass. Therefore, data from two top gage positions and 
two bottom gage positions was recorded for each pass. 

Each plate had e)jl gares calibrated before any heating passes were 
performed on the plate. The calibration data was included as output on the 
tape for each plate 1iésted so that the output data could be read as 


@ecuraicly as possible. 
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Figure 2~39: Outline of Experimental Set-Up 
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Temperature and strain measurements commenced for each pass when the 
flame reached a Vena ene position 6} inches from the transverse gage 
positions (Pieure (2-6-b)). This allowed the heating to be in a quasi- 
Stationary state before readings were commenced. Temperatures different 
wom initial temperature of the plate were not recorded at the gages uncel 
the flame has passed this longitudinal position. Once the readines of 
wemoerature and strain were initiated they were continued until the 
temperatures fell to approximately 100°F and the strains had stabilized 
Somer inal values. 

ime 1OCav Cig! the ilame on the place Surtace 1S Specit ied by jive 
imansverse position from the gage locations on the heated surface at which 
experimental readings will be recorded. The transverse measurement is 
taken as shown in Figure (2-6-b). Temperature and strain measurements are 
eee made at the gages on the opposite side of the plate from those speci- 
fied in the transverse position. 

Oxygen and acetylene pressures and acetylene consumption are recorded 
for each pass. The flame length (1), as shown in Figure (2-6-a), is 
recorded for each pass. Where water cooling is used, the water temperature, 
rate of application and the distance the water is applied behind the flame 
(d) (Pigure (2~-6-a)) are recorded. The water is applicd to the surface as 
a fine spray. 

Also recorded are the effective velues of heating (q,) and a time 
constant (TC) for the observed acetylene consunption. These values are 
Msed in predicting the theoretical values of temperature and strain as 
explained in Appendix A. The values of Vo and TC ere determined from 
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(b) Diagran of dimensions used to specify location of 
the flame for each pass 


Figure 2-6 
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Tables (2-1), (2-2), and (2-3) list the above values for each of the 
three passes performed on each specimen. Testing as pexriamnccscnenaic 
erecl first, T-1 second, and Corten dast. All three (acces) ereere cao 
each plate before the next was investigated. The location of the flame 
heating for the first pass was uniform for all three plates. The location 
and type of pass was varied for the second and third passes. This was 
mone to observe the differences in readings with location and to see if 
Superposition of strains from pass to pass is possible. 

Figure (2-7) shows the equipment setup for recording experimental 
temperatures and strains. Figure (2-8) shows the gage layout and a trace 


iene by one pass of flame heating. 
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The results of experiments on test specimen are in the form of 
strain plots and a photograph of the distortion induced in one specimen. 
Appendix D contains tabulated values of the experimental data. | | 
me rresentation of Data, 

The plotted results snow the strains and temperatures encountered at 
various positions versus time. Due to the large period of time involved 
in meting and cooling the steel plate back to room temperature, time is 
plotted logarithnically. Figures (3-la) to (3-9b) show the experimental 
values of temperature and strain measured for the different passes on the 
peoetmen. The data is presented for the heated surface first followed by 
the plot for the opposite side of the plate. This was done because of 
iiitcs in the computer plotting routine and aiso for a clearer presen- 
tation of the data. All the plots are marked with the symbol T/¥F 
indicating the time at which the flame reaches the transverse line 
connecting the gages. 

Figures (3-10) to (3-12) show the temperatures and longitudinal. 
strains predicted by the one dimensional welding program end the experi~ 
mental temperatures and longitudinal strains observed on the heated 
Surface of the test specimen during the first pass. 

Figure (3-13) is a photograph of the mild stecl specimen after three 
passes of flame heating has been performed. This photograph gives an 


feseation of the amount of distortion ineucred. The near edge is the 


eaee Closest to the third pass which was water cooled, 
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FIGURE 3-f-as Mild Steel Pass #1, Heated Surface 
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FIGURE 3-1ebs Mild Steel Pass #1, Bottom Surface 
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FIGURE 3-2-a: Mild Steol Pass #2, Heated Surface 
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TEMPERATURE, MECH STRAIN 
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FIGURE 3-2-b: Mild Steel Pass #2, Bottom Surface 
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FIGURE 3-3-a1 Mild Steel Pass #3, Heated Surface 
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Mild Steel Pass #3, Botton Surface 
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FIGURE 3-t~a: T=1 Pass #1, Heated Surface 
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FIGURE 3-5-a: T-1 Pass #2, Heated Surface 
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FIGURE 3-5-bs T-1 Pass #2, Bottom Surface 
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FIGURE 3-6-a: T-1 Pass #3, Heated Surface 
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FIGURE 3-6-b: T-1 Pass #3, Bottom Surface 
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FIGURi. 3-7-a3 Corten Pass #1, Heated Surface 
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FIGURE 3~7-b: Corten Pass #1, Bottom Surface 
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FIGURE 3-8-a: Corten Pass #2, Heated Surface 
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FIGURE 3~8-bs Corten Pass #2, Bottom Surface 
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FIGURE 3-9-a1 Corten Pass #3, Heated Surface 
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FIGURE 3-9-bs Corten Pass #3, Bottom Surface 
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FIGURE 3-10: Analytical Results and Heated 
Surface Mild Steel Pess #1 
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FIGURE 3-11: Analytical Results and Heated 
Surface T--i Pass #1 
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FIGURE 3-123 Analytical Results and Heated 
Surface Corten Pass #1 
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IV. DISCUSSION OF RESULTS 
In the experi.mentaJ. procedures, the speed of the flame was to be 
maintained constant for all passes. The automatic welding machine mas 
Pecdetor tnis puxpose. However, the speed adjustment oneihne welding 
meme 1S very coarse especially at the: lou speod cede tom ethesesc mae 
ments. This made it necessary to preset the desired speed prior to each 
pass by timine an interval of travel and. making Pine adjustments tosecr 
the desired valuc of sveed. The speed was preset prior to the first pass 
Sretne Corten specimen but upon cngagement of the drive mechanism for this 
pass the specd adjustment changed and the speed, caloulatcd from the 
timing marks on the output data, was 2.8 sti Auewae versus the desired value 
on. 0 finaly / MiNi Comparison of data for the first pass on eacn steel is 
Peoeesditiicult since the speed was ditterent for the first pass on Corvcn. 
The results from the first pass on the Corten specimen, and also the 
other pass where water ceoling was not used, show that for this SLe@is Lhe 


haghest temperature was recorded on the side opposite the heating. This 


oO 


teels where water cooling is 


o) 


is contrary to what occurs for the other two 
mon used and intuitively this appears wrons. There is no great difference 


betweon the thermal conductivities of the different steels co it is 


89) 


expected that maximum temperature for the Corten should occur on the 
heated surface. 
There arc several possible reasons why this apparent inversion of the 


maximum temperature occurred. These reasons, in the order that they were 


n 
e 


mivesticated, are: 


(1) Incorrect recording of the cxperimental data. 
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(2) The surface below the gages on the heated surface was not 
sandblasted elean prior to installation of he Fages. 

(3) The observed results actually occurred. 

All the strain gage and thermocouple leads were tagged with channel 
input numbers and the tags were left on after the experiments were 
performed. Examination of these leads and the ehannel tags shows that the 
hookup of the leads to the input junction box was ecorreet. 

The surface direetly under the flame had an oxide layer loosened 
during the heating. The surfaces under the strain gages were to have been 
sandblasted elean prior to installation of the gages. Thus, the oxide 
coating noticed on the flame path should not be present under the ee 
Examination of the area around the strain gages on the heated surface con- 
firms that the sandblasting was performed prior to gage installation. 
Therefore, the gases were properly mounted. 

Sinee no equipment failure or incorreet experimental procedures could 


rT) 


be detected, the temperatures measured must have actually oeceurred. Tnere 
are several factors that could have influeneed the heat flow from the 
Seurce out to the measuring <oaieeem This would influence ae tempera- 
tures at the measuringg points. 

iieemexperimenits on the mild steel were performed first. There was a 
Peaatede ol approximately twelve hours from the finish of the experiments on 
Peomoetee) until the investigation of the T-l was begun. Thus, the experi- 
ments performed on mild steel and T-1 started with essentially the same 
initial ambient temperature of the fire brick supporting the plates. The 
investigation of the Corten was begun immediately after the investigation 
of the T-~l was completed. Thus, the supporting fire brick may have had a 


hisher initial temperature than for the T-1 and mild steel. This could 





mesult inv iess lical Joca tothe ws tm. from the lower surface of the 
Corten plate, 

The exveriments performed on the Corten were done in the evening and 
ambient room temperature was less than during experiments on the other 
Steels. The first pass performed on the Corten was made at a slower speed 
and this could have affected the movement of the air at the plate surface, 
The combination of these two factors could give a higher heat loss at the 
heated surface than experienced with the other two steels. 

Melting oecurred on the heated surface of the Corten during the first 
pass due to the slower speed of the flame. Thus, a metal transformation 
occurred which was localized to an area near the flame. This could have 
influenced the heat flow beeause of heat absorbed during the melting 
transformation. 

A combination of some or all of tne above factors could have influ- 
eneed the heat flow from the souree and caused greater heat losses at the 
heated Surface and less heat loss at the lower surface than during heating 
Pemeniemorhner two steels. This could result an the temperatures measured 
at two and five inehes from the source being higher on the bottom than at 
the heated surface. 

Since all three steels are heated in the same manner, the tempera- 
tures in close to the flame will be essentially the same for all the 
steels. During heat-up the metal near the flame will experience higher 
temperatures on the heated surfaee and then equalization of temperature 
aeross the thickness of the plate will oecur Guring cool dot. 

All the strains indueed in the steel plate are the results of the 
unequal. heating performed on the plate. As the plate is heated by the 


oxyacetylene flame, the heated area will expand. This expansion will be 


mesasted by the ‘cold rieid Sieur gee oF When “Che colpressivesstre 
evorved on the heated arca cquals ihe yield ice So Of he ealede anes, 
which 1s less at the higher temperature, the heated area will experience 
plastic yielding. Since in the experiments the plate appears a dull red 
on both the heated and lower surface in near the flame, the plastic 
yielding will take place throughout the thickness of the material. The 
only direction | that the plastic yiclding can take place is perpendicular 
to the plate surface. Thus, the very hot zone becomes plastically 
Wasveolc and plastic upset will oecur. The direction of this upset will 
be influenced by many factors ineluding the plate condition Dr tom eco 
heating. parry?) found that the initial conditions of the steel plate 
and the boundary conditions determined the direction in which plastic 
upset would occur. 

Pee cool dorm the metal that experienced plastic upset will begin te 


Pmeiiioas Will the rest of the plate, until the initial temperature of the 


plate is reached. The plastic strains that occurred will cause a iniismatch 
of strains upon cool down and result in residual stresses and strains. 
These residual stresses and strains will cause the bending. The differ- 
Erce between the temperatures on the top and bottom of the plates away 
Mmeotetse Source will cause a variation in the amount of plastic strain 
experienced at the surfaces. This will also contribute to the bending 
effect of the flame heating. 


The cxact analysis of how the bending is produced in the plates is 


& 


very complicated. Since the flame is moving, the temperature at a point 


e 


Samene plate varies with time, Plasticity is time dependent, therciore 


ies Necessary to know the tAmMe netal jis at a temperature where plastic 


= 


feeling will occu eaell es the variation Of the material properiice 
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with temperature. The above discussion is very general but does serve to 
point out the mechanism of how bending is induced. 

Examination of the strains upon cool down after the first pass shows 
that tor mild steel and T-1 the plate is bent up around the flame path, and 
in the longitudinal direction the center of the plate lifts and the ends 
gee bent down. Hence, the Nenchine Strains induced are opposite for the 
transverse and longitudinal directions. The Corten experieneed bending 
exactly Beste that observed for the T~1 and mild steel. Thus, the 
Peestic Upset occurred in the opposite direction for the Corten. 

There was no attempt made to insure that the steel plates were 
perfectly flat. In fact, during the installation of the strain gages the 
plates were baked and some bending was noticeable in all three plates but 
especially in the Corten. This prior bending of the Corten probably caused 
foewomrection of the plastic upset to be different and was further ampli- 
tied by the temperatures being exactly opposite those experienced in the 


other two steels. 


te 


The difference in residual transverse strain between the top and 
bottom of the three specimen at two inches from the flame path is: 
0.99 x 107? in./in. for mild steel, .36 x 10 3 in./in. for T-1 and 
Oy 30 x LO 3 in./in. for Corten. This indicates that flame heating without 
Maverscooling is more eifective for bending mild steel. This agrees with 
7 2 (6) ae . sy 2 
Walsh's observation Utes Pianos neauts 1s ore eiecr: Ve. 1am 
Straishtening mild steel. 
The maximum transverse strains recorded during the first pass are: 
-3 e e ° -%3 ° * 
~Y,33 x 10 - silo // 300 6 for mild steel, -/+.76 x 10 finde / ae for Tl and 


~5.443 x 10 3 lone for Corten. These high values of strain, when com- 


pared to the difference in residual strains resulting upon cool down, show 
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that flame heating without water cooling is inefficient as a bending , 
method. Also, the direetion of the resulting bending is dependent on the 
mitiat plate conditions and iS not controlled by tiew@elane. 

When straightening welded panels with edge constraints, the maximun 
defjection that must be removed is usually near the midspan of tie. oie 
Also, the fillet welds used will cause deflection as shown in Figure (+1). 
The line flame heating eould be used most effectively to remove this type 
distortion by heating parallel to the weld but on the opposite side of the 
plate from the weld. The flame path should not be directly opposite the 
Peowemout moved gin a slight distance toward the center of the panel. This 
location of the flame line will give a maximum moment arm for the induced 
bending Strains to cause deflection. The flame is not placed directly 
Opposite the weld so the edge constraint will not reduce the bending 
Eee « 

ime adiitewence between longitudinal resadual Stresses in the two 
Surfaces during flame heating is large, 1.05 x 107? ine/ ae Coo ima 
steel. If the direction of flame travel is the same as that used for 
Wewdunaes this should relieve aor of the welding residual stresses 100. 
Wieworsvanee from the weld could be adjusted to maximize this stress 
memoval. 

it plastic behavior of the metal is assumec to be localized near this 
hot zone trailing the flame during heating, it shovld be possible to 
Mecdiet the strains that will result if another pass is performed with the 
measuring positions of the strains at the same distance from the flame. 
Bitemvould be done by superimposing the strains that would result at the 
location on those already present. This was attempted during pass number 


meon i-l ard mild steel. The predicted and experimental values oF strain 
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Figure 4-1: lllustration.of how flame heatine should 


“CO 


be applied to remove distortion from welding 
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are given in Table (4-1). There is no correlation of the predicted and 
measured values. This Fe aetien that the strain induced during flame 
heating is highly dependent on the plate condition at the time of heating 
and that the plastic behavior is not localized LOoethe Net Zonegne ieerge 
flame. 

The third pass on mild steel and T-1 and the second Dass One Comucn 
were made with water cooling employed. The strains of primary interest 
are the transverse strains, since these cause bending along the entire 
length of the plate and the line flame heating would utilize Anes Siegel igs 
in straightening or bending. The difference between the transverse 
strains on the heated surface and bottom surface two inches from the flame 

ze — 
path is: 0.87 x 10 ~ in./in. for mild steel and 1.02 x 10 7 in./in. for 
tome, This shows a large increase in the bending strain induced in the 
Corten. The bending strain induced in the mild steel is Jess than where 
Tovermcooling Was not used. These values probably diifer considerably 


ta! 


Ye 


from what one pass of flame heating would produce due to the large in 
strains in the plates fron previous passes. The bending of all plates is 
whessame as described for pass number 1 on mild, steel. The T-1 pass was 
performed on the side opposite the initial pass and the bending strain is 
larger than for cases where no water cooling was employed. 

Water cooling limits the thermal effects experienced by the plate. 
iwemremocratures measured are less than half the temberatures recorded 
meeneno water cooling. Thus, the very hot zone will be more constrained 
teomeeninen no water cooling is used. The water coolinge also prevents 
meperavure equalization across the thickness of the plale. Since all 


eiewol1abes bent in the same direction when water cooling was weed, even 


thoush the plates had entirely different initial. conditions, the water 


ae 





cooling forces the direction of plastic upset and hence, the bending. 
Temperature equalization across the thickness of the plate was not per- 
mitted since water cooling was applicd directly after the flame. Thus, 
plastic yielding could take place only in one direction. 

The values of maximum strains recorded are much smaller when water 
cooling is employed. Comparing the Maximum strains with the residnal 
bending strains shows that line flame heating with watcr cooling is more 
efficient than without. The maximum temMperatures CLeCOlUctmignaaeiele Ct, 
cooling are much lower. This shows that the heat affected zone is much 
Narrower and, for metallurgical reasons, the water cooling should be 
employed during fleme heating. The ability to achicve bending in a 
“oer 2ed Oirection is a desirable featume of the water cooling. 

fine llarse values of transversevstrain observed curing flame heating 
Paemeciurary to the assumption of nesligmzble transverse strains in the 
one dimensional welding progrem. Therefore, this program is not suitable 
for predicting the effects of flame heating. However, the one dimensional 
analysis was performed to check the validity of the model of the flame 
heat source and to see a “tile eens Can be used to estimate the lonsi- 
Miia! Strains. 

At two inches from the flame path, the predicted temperatures agree 
Until the naximum temperature occurs. During cool dawn, the rate of 
temperature change is much less for the predicted temperatures. This is 
Sewro tio factors: 

(1) The analytical model does not inelude heat losses to the 


atmosphere and the supporting surface. 





(2) The temperatures are predicted for a plate symmetric about | 
the line flame heating, but in the experimental model this is not 
the case. . 

This second reason is the major factor in causing a faster cool down in 
Piece x oCrimenta.| Specinen. 

At a distance of approximately five inches from the flame path, the 
correlation 318 not as good for the temperatures. The slope of the two 
curves during temperature build-up is fe aaa the same and the 
maximum voi 7S LC Sane ier botieeur vec. me lice tiOsc inves are 
separated by a constant time factor during the build-up of temperatures. 
This is due to the fact that at increased distance from the flame, the 
heat source will a appear to be a point soure¢em This chanee with inereased 
transverse distance is not incorporated in the inathematical model. The 
fools cqomn rates are different for the same reasons as above. 

iteweorre lation of temperatures is sufficient to give an estimate or 
the strains that could be expected. If the strain for position two is 
shifted by the time separating the temperatures at poSition trio, an 
estimate of the strains at this position can be obtained. One other 
Pegetene iS eCncountercad With the model. At points near the heat source and 
Sieecyiy under the source, the predicted temperatures will be very large, 


Wigs can be seen by examination of the temperature equation in Appendix A. 
In the propram, the maximum temperature was limited to 1500°F, 

The mild steel results show the best correlation esnecially when 
A@y2 is shifted. The predicted maximum values are close to what is 
observed. The difference in residual strain is due to the different cool 


down rates for the analytical and experimental temperatures. The 


correlation for the other two steels is not as good, but a rood estimate 


= 
we) 


of the strains that occur can be obtained from the program. ‘The residual 
strains aitfor es for the mild steel and for the same reason. 

This simple one dimensional analysis shows that computer programs 
developed for welding can be used for flame heating. Two dimensional 
programs for welding analysis use a finite element solution. Thus, the 
solution for temperatures should be changed so that better corzelation is 
@eearned throughout the plate. 

The same temperature solution was used to alter the two dimensional 
program for welding which is being developed at M.7.T. The results from 
this program were not plotted because the predicted transverse strains 
Were very small. The longitudinal strains were about the same as given 
by the one Se analysis. The program has not been completely 


perfected and great difficulty was experienced in trying to perforin a rune 
It appears that the analysis used is correct, but there is an error in 
the progran in predicting the transverse strains. 

From the analysis of flame heating, one does not desire the residual 
stress for one surfece. The variation of residual stresses ecross the 
fawermess of the plate is needed to-estimate the bending that will he 
induced. The two dimensional program will not yield this information. 
What is required is a fult three dimensional analysis of the flame heating 


m@eeeess. Until this enalysis becomes 3 working reality, the analytical 


ng axe of very little use fcr studying flame 


ere 


programs developed for weldi 





V.__ CONCLUSIONS 


The conclusicns of this investigation based on the preecding dis- 
ession are: 

A. Experimental Observations 

(1) Line flame heating without ae: cooling is most effective for 
bending the “ae sl steel. The amount of bending depends on the material 
yield strength and variation of the yield strength with temperature. The 
direction of bending without the water cooling is dependent on initial 
plate conditions and not the flame location. Thus, the direction of 
bending cannot be controlled by the heating. 

(2) Line flamo heating with water cooling is more efficient as a 
Bemeane process. The location of the flame controls the direction of the 
bending and the heat affected zone is much smaller than without cooling. 

(3) The large values of transverse strain necessitate at least a. 
Miemarnensional analysis for predicting the effects of flame heaving. 

B. Observations Fron Analysis of Results 

(1) Line flame heating when used Lor Straienvenime shoulda berawois a 
Peeeiel to the weld linc, but on the opposite side and displaced slightiy 
toward the center of the Senet: Water cooling should be used to cause 
bending in the direction which will remove the distortion induced by the 
fem. ithe heat is not applied directly opoosite the weld to prevent 
i@emeare constraint from restricting the bending effect of the flame heat 
and to relieve longitudinal residual stresses induced by the welding. 

(2) The one dimensional welding program gives a fair estimate of the 
Jongitudinal strains that occur during flame heating for the heated 


eIm@race. However, transverse strains are assumed to be zero In this 


05 


pregram while experimental data shows that these strains are lerge. Thus, 
the program is of no use for predicting the results of flame heating 
although the comparison does indicate that analytical prorrams developed 
for welding may be used for line flame heating if modified for the proper 
heat source. 

(3) Analytical methods that presently exist for welding cannot be 
PMe-eevo Optimize the Plame heating techniques. The desired result of 
flame heating is bending in a specified direction, Present prograns do 


not evaluate the bending that will be induced by flame heating. Thus, 


they give no useful data about the primary function of the flame heating. 


=~ 
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Vi.  RECOMMENDAT TONS 
It is recommended that efforts in the study of flame heating be 
directed toward solving the heat flow problem. Since a three dimensional 
analysis is necessary for predicting bending strains, a three aimonsieeen 
analysis of the heat transfer will be necessary. An analysis of this type 
mete require the use of the computer and finite element techniques. 
There exists the need in the welding field for the development of a 


. 


three dimensional stress analysis. Work is going forward in this arca and 


> 


will not stop with a two dimensional analysis. Thus, a three dimensional 


ee. 


analysis will probably be available in the future. The thermal analysis 
develoved for the flame heating can then be utilized with the three 
dimensional stress analysis for predicting the effects of flame heating. 
It is further recommended thal experimental studies of the flame 
heating methods be discontinued until the three dimensional analysis 
becomes available. There is enough data available from the studies so far 
performed at M.J.T. to improve the flame heating practiced in industrial 
applications. % most, the flame straightening is a problem of secondary 
importance to industry and there exists no pressing necd to carry forward 
any further investigations of the straightening that particular hcating 
Beeweaies will yield. However, once a threc dimensional analysis becomes 


Ppvaitable, more experimental studics will be needed to determine the 


accuracy of the analytical solution. 
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APPENDIX A 


THERMAL ANALYSIS 


The mathematical technique used In solving the heat transfer part of 
>. . igre ae 
the weldine analysis was developed by Rosenthal in 1941. The differ- 
ier’ equation of heat transfer is% 
Zo 2 
o*t . at Si uy ie 
aac wee aie ee OS 
Dxe. oe Oz | 
lteeche Welding 16 carcied oul over a Sutticiens Neneih a suave sis 
feeawed in the welded piece which 1S eailed quasi~stationary. In the 
@Uasi-stationary State, an observer stationed at the moving heat source 
will notice no temperature change around the heat souree. The differ- 
eateal Cquation of heat can be shifted to a new coordinate system wnose 
Meme 1S at the heat source, If the 2% axis Ties in the direcetion o1 


Pewee, replacing X by a new coordinate w where w= X-VS 


leads to the equation: 


| Dae 2. ae ee t 
Sut * bye 7 pee 774 SE 


ies tne differcntial equation of the quasi-Stationazxy state of welding 
and cutting. | 

in the welding analysis, a line source of constant strength through 
the thickness of the material and constant material thermal properties are 


assumed. The problem then becomes two dimensjonal. The solution of the 


Deatetransicr equation is then: Aiaw 


je eS ee K, (avr) 
271 K 9 


where r =\lw?+y? and Ko is the so called Bessel function of the second kind 
and zero order. 
The thermal properties of metals are not constent with temperature 


Variation and this variation with temperature may be considerable. In the 





M.1.T. analysis of the welding problem this variation of thermal properties 
is included by an iterative method. The temperature is first solved for 
With assumed thermal properties and then thermal properties corresponding 
tO this temperature are used for the next solution. This process is 
continued until the error in temperature calculated is a specified minimum. 

The flame heating problem is different on the welding problem in 
that the heat source is not a point source on the surface, but a dis- 
tributed source of varying strength (Pigure A-l-a). 

The differential equation of heat transfer is the same, but the 
boundary conditions imposed by the source are different than those of a 
line source. Research of available literature shows that there is not a 
elosed form solution to this problem as is used in the welding analysis. 


Nakada and netebaetie Mle 


have solved the problem in the form of Fourier 
integrals which can be solved using a computer. They also developed a 
method of direct numerical intepration by digital computer. Both of these 
Hemme, require extenSive computer space and a great amount of computer 
imesin order to Solve the equations. 

Since the strein analysis developed at M.I.T. (Appendix B) iaerebalse cys Gh 
Minimum of computer space and time, the thermal. solutions discussed above 
Se-emneonpatible with this program. The laree space requirements and cost 
Gime ce Solutions for temoeratures of an accuracy not matched in the 
strain analysis make the above solutions unacceptable as models for the 
flame heating. 

Rykalin 2? has developed a simpler analysis of the flame heating 
problems which should give the desired accuracy in solving the heat 


transfer problem. The model he uses for the flame heating process is shown 


in Figure (A-1-b). In this model he assumes an imaginary heat source at a 
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(a) Heat flux distribution of the standard 
torch flame along radius r 





(b) Model of flame heating with imaginary 
heat source located at point 0 


Figure A~1 


BO 


distance, equal to a time constant Times tie. speed .or tne Rie ee or 
of the actual source. The solutiowevoerheemecat trans enep cop cinethen 


becomes: [-avw +g (TO ] 


(ato) Cae K. (avy) 


271 KY 


qe is an effective heat input for the imaginary source. A table of experi- 
mental valucs of a) and TC Came constant) is found in Reference 13, 
page 19. 

In Pecans the M.I.T. welding program for flame heating Rykalin's 
model of the flame heating is used. Since the two solutions are similar, 


the modification of the program is very slight. 
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ANATYSIS OF THERNAL STRESSES AND VERAL MOVEMENT 


<= 


Because a weldment is locally heated by the welding arc, the 
temperature distribution in the weldment is not uniforn and neces as 
welding progresses. This non-uniform temperature distribution causes 
thermal stresses in the weldment, which also change as welding progresses. 
A computer program has been developed at mete, (2) LO analyze therma.]. 
Secaces pene welding and the resulting residual stresses. 

Masubuchi describes the welding process as Follows 1), Figure (B-1) 
shows schematically how welding thermal stresses are formed. Figure 
feel ae) shows a bead-on-plate weld in which a weld bead is being Jaid ata 
Seeee vv. O-xy is the coordinate system; the origin, QO, is on the surface 
underneath the welding arc and the x-direction lies in the direction of 
welding. 

Figure (B-1l-b) shows temperature distribution along several cross 
sections. Along Section A-~A, which is ahead of the welding arc; the 
temperature change due to welding, T, is almost zero G"igure Baer ie 
flomeesection B-B, which crosses the welding arc, the temperature distri- 
bution is very steep (Figure B-1-b-2), Along Section C-C, which is some 
distance behind the welding arc, the distribution of temperature change is 
as shown in Figure (B-l-b-3). Alons Section D-D, which is very far from 
the welding arc, the temperature change due to welding again diminishes 
(Figure B-1-b-+), 

Fipure (B-l-c) shows the distribution of stresses along these sections 
aaewne x-direction, oe. Stress in the TEASE Heit) and shearing 


stress, fT, also exist in a two dimensional stress field (Riguxe B-1=2,). 
XV 
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3.Section C-C 
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b. Temperature Change c. Stress oy 


Figure B-1: Schematic Representation of Chances of Temperature and Stresses 
During Welding 





Along Seetion A-A, thermal stresses due to welding are almost zero 
(Figure Bleed) The stress distribution @long section B-Beice. :e. mn 
Figure (B-l-c-2). Stresses in areas underneath the welding are are close 
to zero, beeause molten metal does not support loads. Stresses in arcas 
somewhat away from the are are compressive, because the expansion of these 
areas is restrained by surrounding areas that are heated to lower tempera- 
tures. Sinee the temperatures of these areas are quite high and the yield 
Strength of the material is low, stresses in these areas are as high as 
the yield strength of the material at eorresponding temperatures. The 
Giiemit of compressive stress increases with inereasing distance fram the 
weld or with deereasine temperature. However, stresses in areas away from 
the weld ae tensile and balanee with Ce Siresses 1m areas near 
Eieeveld., in other words, 

ine Over O 
across Seetion B-B. This equation negleets the effects of Sy and Try 
Sumeene courlibrium condition.j Thus, the stress distribution along Section 
B-B is as shown in Figure (B<l-e-2). 

erecscs pre Gistribuved along beciion C-G as shown in Figure 

(B-l-e~3). Since the weld-metal and base-meta] regions near the weld have 
feewlea sw tney try vo shrink causing tensile stresses in areas close to the 
weld. As the dictanee from the weld inereases, the stresses first ehange 
tomeompresSive and then beeome tensile. 

Figure (B-l-e-4) shows the stress distribution along Seetion D-). 
High tensile stresses are produced in areas near the weld, wnile eom- 
pressive stresses are produced in areas away from the weld. The 
distribution of residual stresses that remain after welding 1s eompleted 


as Shown in the figure. 


Clr 


The cross~hatched area, MM', in Figure (B-l-a) shows the region where 
plastic deformation occurs during the welding thermal cycle. The cllipse 
near the origin, O, indicates the region whcre the metal is melted. The 
meeron outside the cross-hatched area, remains clastic during the entire 
welding thermal cycle. 

The M.1I.T. analysis of thermal stresses includes plasticity, variation 
of cocfficient of linear expansion and loading history. A plane stress 
formulation is used, with stress and strains bcing considcred uniform in 
the thickness direction, and Sz, the stress in this direction is assumed to 
be zero. The analysis is then reduced to. one dimension by the assumption 
weuewonly the longitudinal stress is non-zero. The dcvtailed™cquations and 
computer ose developed are found in Reference (2). 

The assumption of constant stresses across the thickness preclude any 
bending cffects. The analysis does not include changes of stress-strain 
eweeareveristics and expansion characteristics due to metallurgical changes 
which may take place during welding. ‘The analysis first calculates the 
temperaturcs that will be prescnt in the plate at various times and then 
ieecminese temperatures and times as inputs to the stress program. Thus, 


the analysis is split into two separate parts. 

die line flame hcating is similar to tne bead-on-plate weld for woich 
fiemenalysis was developed. The major difference is the heat source tor 
which a mathematical model has already been developed. Due to the finite 
Peemeion the Source, the width of the hot gonc around the flame will be 
larger than in welding. This width and the fact that more heat must be 
meeero raise thc Zone to the desixced temneraturcs will undcubtedly 


Mrouuce transverss Strains. However, if these transverse Strains are 


Still reasonably smell the welding analysis should give estimates of how 


the longitudinal strains act and reasonable values of residual thermal 
Bee cca) 

At present, a two dimensional plane stress program is being developed 
by Andrews and Masubuchi. This analysis includes the complete two 
dimensional stress equations and equilibrium equations. ~ Tega Gea 
Beoumpvions and analysis are Similar to the one dimensional propram except 
a, finite element solution is used and the thermal and stress “analysis are 
combined. The program is currently at the stage where past welding data 
is being compared with the program outputs to check the program. Jt is 
still in the stage of being continually refined and debugged. 

Only the results of the computer programs will be presented in this 
report. No attempt at developing a suitable program is being made. Thea 
ieemmeating data will be compared with the analytical results to see af 
the welding programs, modified for the heat Source, Cal be Used gor 


analysis of flame heating. 
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